X-ray absorption spectroscopy and X-ray diffraction are suitable probes of the chemical state of a catalyst under working conditions but are limited to bulk information. Here we show in two case studies related to hydrothermal aging and chemical modification of model automotive catalysts that enhanced detailed information of structural changes can be obtained when the two methods are combined with a concentration modulated excitation (cME) approach and phase sensitive detection (PSD). The catalysts are subject to a modulation experiment consisting of the periodic variation of the gas feed composition to the catalyst and the time-resolved data are additionally treated by PSD.
Introduction
Synchrotron based techniques such as X-ray absorption spectroscopy (XAS), 1-3 X-ray diffraction (XRD), 2,4 pair distribution function (PDF) 5, 6 and X-ray scattering 7 are key tools in catalysis research because they provide access to structural information using relatively easy sample environments and under relevant reaction conditions. 8, 9 An important advantage of these methods, over e.g. vibrational spectroscopic techniques, is that relatively thick sample beds can be penetrated using high energy X-rays and therefore information can be obtained at more practically relevant reactor scales. XAS and XRD also probe very different, but complementary, length scales of the catalyst. XAS is element specific and sensitive to short range order and provides structural insight regardless of material crystallinity. XRD is ideally suited to follow structural changes of complex working catalysts because a snapshot of the catalyst can be obtained with simultaneous information on the support material and on supported nanostructures. However, it is only sensitive to long range order and is intrinsically limited to detection of particles larger than 2-3 nm even with a synchrotron source. 10 As a result of the different length scales probed in the corresponding measurements, the information obtained from XAS and XRD in independent experiments is increasingly combined to obtain a global picture of the structure of the catalyst at the very moment it is performing the catalytic event. 8, 11 The two methods can be combined in the same reactor cell or are even coupled (quasi-)simultaneously with the advantage of obtaining structural information at different length scales on the same analysis spot. 12, 13 Finally, the technical progress made in the design of insertion devices, monochromators and detectors now permits sub-second time resolution. However, both techniques are substantially silent, and therefore limited, with respect to surface information as they both mainly probe the bulk structure. Typically, from a spectroscopic viewpoint the signal of the bulk dominates over the possible contribution of the surface thus complicating the interpretation of steady state data acquired in a conventional manner. It is only recently that a method borrowed from infrared spectroscopy, a surface sensitive method, has become increasingly used, which provides the opportunity to access the subtle information on surface reactivity. In order to reveal minute structural changes that are assumed to be associated with surface structural variations, a modulated excitation (ME) approach coupled to phase sensitive detection (PSD) has been shown to improve the S/N level by orders of magnitude 14, 15 and to emphasize those components of the system under examination that are changing as a result of an external stimulation. [16] [17] [18] ME is complementary to steady state analysis of catalysts and facilitates obtaining information on the role of the various evolving species during the experiment. From an experimental viewpoint, ME consists of a repeated stimulation of the catalyst, for example by periodic variation of reactants concentration (concentration ME, cME) while data are collected continuously over the various modulation periods. PSD is then applied to separate the information of components responding to the external stimulus from that of the components that are not responding, e.g. the bulk of the material (if the process is genuinely confined to the surface area of the catalyst), thus potentially providing surface sensitive information. We have previously shown that application of PSD greatly improves the quality of energy dispersive and quick EXAFS data by considering the XANES region. 15, 19, 20 Recently, König et al. demonstrated that the methodology can also provide quantitative EXAFS data with an enormous improvement of sensitivity. 21 Van Beek et al. 22 showed that variation of the X-ray energy can function as the external stimulus for the experiment and this can provide unprecedented insight into structural dynamics by XRD.
Here, we briefly report two case studies using energy dispersive XAS to explore hydrothermal aging effects on the structure and reactivity of Rh/Al 2 O 3 and high energy XRD to monitor the structural changes induced by chemical treatment of a model three-way catalyst, Pd/Al 2 O 3 -Ce 1Àx Zr x O 2 . The two case studies should demonstrate the vast amount of information and the enhanced sensitivity that can be achieved by application of phase sensitive detection coupled with the two X-ray based methods.
Experimental
The fresh 2 wt% Rh/Al 2 O 3 and 1.6 wt% Pd/Al 2 O 3 -Ce 1Àx Zr x O 2 (hereafter, Pd/ACZ) catalysts (70-90 mm sieve fraction) were kindly provided by Umicore. Hydrothermal aging of Rh/Al 2 O 3 was performed by exposure of the fresh sample to 10 vol% H 2 O-10 vol% O 2 -bal. N 2 at 973 K and 1273 K for 16 h. The fresh Pd/ACZ was impregnated with a solution of (NH 4 ) 3 PO 4 (resulting in 7.5 wt% phosphorous) and calcined at 973 K for 5 h in air. 23 Similarly, fresh Pd/ACZ was also thermally aged in air at 973 K for comparison. The specific surface area (SSA) of the catalysts was determined using a BELmax 00030 instrument. Materials were outgassed in a vacuum at 150 1C for 1 h prior to the measurement. The total surface area of the samples was determined by the BET method (Table 1) . Rh dispersion was obtained from pulse CO chemisorption using a Micromeritics AutoChem instrument. Prior to the measurements, all samples were dried overnight at 403 K and reduced under hydrogen at 473 K. Dispersion was determined by assuming a Rh/CO stoichiometry of 1. High angular annular dark-field images in scanning mode (HAADF-STEM) were taken by a JEOL FS2200-FEG at 200 kV and in column omega filter. The sample was dispersed in doubledeionized water and dropped on carbon-film-coated copper grids and dried in air.
Time-resolved energy dispersive EXAFS data were measured at the Rh K-edge (E 0 = 23.22 keV) at beamline ID24 of ESRF (Grenoble, France) using a Si(311) polychromator crystal in Bragg configuration and FReLoN CCD camera as described earlier. 15 The X-ray beam was vertically defocused (to ca. 300 mm at the detector). Fresh and aged (under identical conditions) 2 wt% Pd/Al 2 O 3 (Umicore) was mounted at the same focal length as the sample but outside the sample environment and served as the reference to account for the scattering of the polychromatic beam by the majority material in the sample (i.e. the support). 24 During a full modulation period, 504 spectra (0.26 s time resolution, 0.1 s actual exposure) were collected. 15 Here, we will restrict our discussion to the XANES region of the spectra.
Time-resolved high energy XRD data were measured at beamline ID15B of ESRF (Grenoble, France). XRD measurements (86.8 keV, l = 0.143 Å, DE/E B 1.4 Â 10 À3 ) were collected with a digital flat 2D panel detector (Pixium 4700) at 900 mm from the sample position. During a full modulation period, 100 high energy XRD patterns (0.5 ms time resolution) were collected.
Both in ED-EXAFS and XRD, the sample bed provided an X-ray transmission path length through the sample of 5 mm. Details of the experimental setup and protocol have been provided earlier. 2, 15, 25 Three pneumatic four-port switch valves enable a rapid switch of feedstock composition to the cell. The exhaust of the cell was connected to a mass spectrometer (Omnistar, Pfeiffer) for online detection of reactants and products. The following m/z signals were monitored online: 4 (He), 18 (H 2 O), 22 (CO 2 ), 28 (CO and N 2 ), 30 (NO), 32 (O 2 ) and 44 (CO 2 and N 2 O). The delay between the trigger signal of the valves located before the cell and the response of the MS placed after the cell to changes of gas phase composition was ca. 6 s. A full concentration modulation period (T) is defined as the time required to conclude a 5 vol% NO/He vs. 5 vol% CO/He (T = 132 s) or 1 vol% CO/He vs. 1 vol% O 2 /He (T = 50 s) sequence for Rh-and Pd-based samples, respectively. The two gases are admitted to the cell consecutively for an equal time at a flow rate of 80 ml min À1 at 300 1C. In the case of Rh/Al 2 O 3 , the modulation experiment was started after reduction in flowing 5 vol% H 2 /He at 573 K for 30 min. In the case of Pd-based catalysts, identical modulation experiments were performed at room temperature and at 473 K prior to the concentration modulation experiment at 573 K. The samples were heated at the given temperature in 1 vol% O 2 /He. Then the flow was switched to He until the MS signals were stable and the modulation experiment was started.
The full sets of time-resolved data can be processed into sets of phase-resolved data by the phase sensitive detection procedure (PSD, hereafter demodulation): 14
where k is the demodulation frequency (k = 1, the fundamental frequency), o the stimulation frequency, f PSD the demodulation phase angle and T the modulation period. A(x,t) is the intensity recorded as a function of energy (for XAS) or reciprocal lattice vector (Q = 4psin(y/2)/l, y being the scattering angle and l the wavelength of the incident radiation) and time. The result of PSD is that the components that do not respond to the external stimulation (here, the gas concentration fluctuations) and those that exhibit different frequency responses are absent in these data sets. Therefore, the phase-resolved data are simplified with respect to envelope complexity and greatly with respect to noise. Only data demodulated at the fundamental frequency (k = 1) are reported here. For data evaluation, it was considered that the system reached equilibrium within the initial 5 periods, which were not included in the demodulation algorithm. This was confirmed by the MS data. Matlab was used to obtain PSD data; the Simpson series was implemented to calculate the integral of eqn (1) . Where required, XAS spectra were background subtracted and normalized using the WinXAS software. 26 Three-way catalytic activity data were collected using a quartz tubular reactor (d i = 7 mm) loaded with a mechanical mixture of the catalyst sample (70 mg, sieve fraction 300-500 mm) and SiC (200 mg) firmly packed between two plugs of quartz wool. The reactor was positioned horizontally in a programmable tube furnace. Prior to the light off tests, the catalysts were pre-treated in N 2 at 773 K for 5 min. Then, the catalyst was heated from 348 K to 773 K at 1 K min À1 in 1000 ppm CO, 150 ppm C 3 H 6 , 500 ppm NO x and 825 O 2 (bal. N 2 ), corresponding to stoichiometric conditions, at GHSV = 200 000 h À1 .
Products were analysed at the reactor outlet using a FTIR spectrometer (Nicolet Antaris IGS, ThermoFisher Scientific).
Results and discussion
Rh/Al 2 O 3 : energy dispersive X-ray absorption spectroscopy
In the first example, we consider Rh/Al 2 O 3 as a model three-way catalyst (TWC) used to clean the exhaust gases of stoichiometric engines of passenger vehicles. 27 Rhodium is essential in the NO reduction by CO which is considered to be a key reaction in TWC technology. 28, 29 Al 2 O 3 is sensitive to high temperature conditions that are encountered during engine operation and the associated well-known phase transformations promote the loss of precious metal surface area by particle sintering. In the case of Rh, exposure to high temperatures causes loss of active metal phase by diffusion of Rh into the Al 2 O 3 support and supposedly formation of Rh aluminate species. [30] [31] [32] At this point Rh is hardly recoverable to the original state. The phenomenon is clearly present in our Rh/Al 2 O 3 catalysts. Whereas chemisorption data indicate very low dispersion for the catalyst aged at 1273 K, suggesting the presence of large Rh particles (Table 1) , scanning transmission electron micrographs (STEM) confirm the disappearance of the Rh nano-particles observed in the fresh catalyst ( Fig. 1) , only EDX analysis demonstrates the presence of Rh. Therefore, Rh re-disperses and diffuses through the Al 2 O 3 support after exposure to the high temperature hydrothermal conditions. Additionally, the catalysts exhibit decreasing surface area with increasing aging temperature that is associated with Al 2 O 3 phase transitions ( Table 1 ). The absence of any evident Rh particles in the sample aged at 1273 K contrasts with the still evident catalytic activity under stoichiometric conditions ( Fig. 1 ) that cannot be attributed solely to the activity of Al 2 O 3 . It is evident from the activity data that NO reduction is increasingly more difficult as the aging temperature is increased. Therefore, concentration modulated excitation (cME) spectroscopy was used to follow the dynamics of structural changes of fresh and aged catalysts during periodic and alternate CO-NO pulses. The experimental conditions (CO and NO x concentrations, pulse frequency and gas composition) chosen for the modulation experiment are clearly far from the real TWC ones but are ideally suited to probe the structural changes of dispersed nano-sized catalysts at work. [33] [34] [35] [36] [37] The cME experiment consisted of the alternate variation of CO and NO concentrations from 0 to 5 vol% in the He feed at 573 K. 15 Since the discussion will focus on the state of Rh and on the information contained in phase-resolved spectra obtained from time-resolved ED-EXAFS data according to eqn (1), it is useful to consider the boundary states that Rh encounters during reduction and re-oxidation. The XANES spectra of fresh Rh/Al 2 O 3 and after in situ reduction in 5 vol% H 2 /He at 573 K are shown in Fig. 2 . The difference spectrum between the oxidized and the metallic states of Rh/Al 2 O 3 represents the maximum expected variation of the oxidation state during the red-ox pulses of the cMES study. The difference spectrum should be then featured with varying amplitude in the phaseresolved spectra, if the red-ox pulsing causes Rh to reversibly alternate between reduced and oxidized states. In first approximation, the fraction of Rh that responds to the red-ox stimulation of a cME experiment can be estimated assuming that the intensity of the signals of the difference spectrum is linear with extent of reduction and oxidation. Fig. 3a -c shows the XANES region of the averaged timeresolved ED-EXAFS data recorded at the Rh K-edge at 573 K over the modulation period for fresh and hydrothermally aged catalysts. The data for the fresh catalyst have been already described in detail elsewhere 15 and are reported here as a starting point for comparison with the data obtained for aged catalysts. The spectra show the three catalysts exhibit a different average oxidation state of Rh. Because the samples were reduced in situ at 573 K prior to the modulation experiment, the fresh sample ( Fig. 3a ) and the one aged at 973 K (Fig. 3b ) exhibit mainly variations of the oxidation state around the reduced state. The fraction of reduced Rh at 573 K clearly decreases with increasing aging temperature and the time-resolved spectra of the catalyst aged at 1273 K show a persistent oxidized Rh state and no evidence of reduced Rh (Fig. 3c ). 38 The increasing fraction of oxidized Rh is typically understood as the result of diffusion of Rh into the Al 2 O 3 support with the consequent loss of active phase and formation of irreducible Rh. 32 This process seems to be already effective after aging at 973 K, though Rh nano-particles are still present ( Fig. 1) . Fig. 3 also shows that only minor changes are observed around the whiteline of fresh Rh/Al 2 O 3 and of the catalyst aged at 973 K. In the case of the catalyst aged at 1273 K, there is no obvious indication of any spectral change apparently suggesting that the catalyst is not responding to the CO-NO modulation.
The corresponding phase-resolved spectra of Fig. 3d -f are able to capture subtle changes of the time-resolved spectra with high signal-to-noise ratio. 15 Beside minor intensity differences, the phase-resolved spectra of fresh and aged at 973 K Rh/Al 2 O 3 are rather similar. Small variations of the spectra of the sample aged at 973 K occur above 23.27 keV. The spectra obtained at 573 K match well the difference spectrum obtained from the two boundary states of Rh/Al 2 O 3 presented in Fig. 2 . This observation demonstrates that during the CO-NO modulation at 573 K the fresh catalyst undergoes periodic partial re-oxidation of Rh compared to the initial reduced state. 15 In marked contrast, Rh/Al 2 O 3 aged at 1273 K exhibits the least intensity variation, and above 23.27 keV the spectral oscillations are strongly damped. However, it is important to stress that the PSD reveals a fraction of Rh responding to the external stimulation to the experiment and provides features that in principle can be quantified.
The patterns of the phase-resolved spectra are associated with the change between reduced and oxidized states. As discussed, the Rh oxidation state of the fresh catalyst periodically increases and decreases. The average oxidation state is close to the metallic state as can be seen from the time-resolved spectra of Fig. 3 . Semi-quantitative estimation of the amount of Rh that is reversibly responding to the CO-NO pulses from the comparison of the spectra of Fig. 3 with the reference states of Fig. 2 indicates that ca. 6% of Rh is involved in the changes observed at 573 K. In the case of Rh/Al 2 O 3 aged at 973 K, changes occur to a similar extent. However, since the oxidation state of Rh is on average higher than that in the fresh catalyst, this Rh component is a fraction of the Rh effectively exposed at the Al 2 O 3 surface. The catalyst aged at 1273 K remains oxidized during the experiment. Only ca. 2% of the total Rh responds to the CO-NO modulation and this fraction can be detected only by PSD. Hence, hydrothermal aging effectively caused a substantial change of Rh dispersion with possible effects on activity and selectivity. [39] [40] [41] Once the set of phase-resolved spectra is obtained by PSD, it becomes easier to adequately select signals from the timeresolved spectra and to display their kinetics during the full modulation period. This is shown in Fig. 4 for the whiteline signal (ca. 23.24 keV) of the three catalysts. An increase of amplitude of the signal at 23.24 keV corresponds to an increase of the oxidic character (oxidation), whereas a decrease corresponds to increased metallic character. It is evident that reduction by CO of partially oxidized Rh formed in the NO half-period is faster than its re-oxidation by NO. Consumption of partially oxidized Rh species occurs within 6 s upon admittance of CO and does not proceed further till the conclusion of the pulse. Concurrent with the switch, the mass spectrometric data (Fig. 4) show a sharp maximum of production of species with m/z 44 (CO 2 and N 2 O) that is clearly related to Rh reduction and CO oxidation (Rh-O + CO -Rh + CO 2 ). However, the reactivity of undissociated NO species adsorbed in the NO pulse further contributes to the MS signal and explains the additional formation of N 2 O for the three catalysts visible in the inset of Fig. 4 . The oxidation state of Rh changes again at the CO -NO switch. The onset of re-oxidation of Rh is delayed with respect to the switch by a time that decreases from ca. 13 s for fresh Rh/Al 2 O 3 to 9 s and 7 s for the catalysts aged at 973 and 1273 K, respectively. These values are truly associated with the oxidation process because they are larger than the time required to achieve reduction in the CO pulse and the time needed to observe changes in the MS after the valve switch. The change of intensity of the whiteline signal of fresh Rh/Al 2 O 3 can be fitted well by an exponential function in agreement with re-oxidation being dictated by NO dissociation. Only the synchronously measured infrared data were able to show that the process occurs stepwise through formation of Rh 0 -NO, Rh-NO À and Rh-NO + species. 15, 42 Fitting of the temporal profiles becomes increasingly difficult with increasing aging temperature. In the catalyst aged at 1273 K, the signal at 23.24 keV clearly gains intensity at least in two stages, first fast and then slower, a process that can be tentatively associated with an alternative oxidation mechanism involving different adsorbed NO species. Within the time required to set re-oxidation, species with m/z 44 experience again a maximum with the exception of fresh Rh/Al 2 O 3 . N 2 O is also produced at a similar rate and in strong contrast to the NO -CO switch. The fresh catalyst exhibits only a very small m/z 44 signal and is therefore poorly active at the CO -NO switch. The aged catalysts are active but not selective. Therefore, in general, the change from reduced to partially oxidized Rh is not favorable to the reaction on particles of ca. 3 nm in diameter. 15 In contrast, Fig. 4 reveals that activity is systematically higher at the NO -CO switch, i.e. when the oxidation state changes abruptly from partially oxidized to reduced. Fig. 4 also shows that hydrothermal aging causes differences in the kinetics of reduction and re-oxidation. In the presence of CO, the major difference between the catalysts is the extent of reduction that correlates with the mentioned average oxidation state observed in the timeresolved spectra. The higher the aging temperature, the lower the amount of Rh that is sensitive to the CO-NO modulation and the faster the reduction. The initial apparent reduction rate increased from À0.0017 a.u. s À1 for the fresh catalyst and the sample aged at 973 K to À0.00096 a.u. s À1 for the sample aged at 1273 K. However, it is especially in the oxidation sequence that structural changes become effective. The oxidation takes place faster with increasing aging temperature and with increasing Rh diffusion into the Al 2 O 3 . Therefore, the less Rh is exposed at the Al 2 O 3 surface the faster the re-oxidation occurs. Oxidation by NO is concluded ca. 10 s after introducing NO to the catalyst aged at 1273 K.
Comparison of the three catalysts based on their activity is complicated by the different size and loading of the Rh entities involved in the catalytic process, the difference being caused by the hydrothermal aging. Despite the lower amount of Rh still available at the Al 2 O 3 surface and the average oxidation and coordination state of Rh, activity of the catalyst aged at 1273 K in terms of MS signal is maintained at comparable levels to that of the fresh catalyst ( Fig. 4 ). Since activity is higher when the state of Rh converts from partially oxidized to reduced (the NO -CO switch) and concomitantly the aged catalysts also display low selectivity to N 2 (major contribution of N 2 O to MS signal m/z 44), the oxidation by NO produces oxidized Rh species in the aged catalysts that are prone to produce N 2 O. 41 These species are likely not associated with well-defined Rh particles since the two aged catalysts behave very similarly despite the threefold contribution of Rh to the red-ox process in the catalyst aged at 973 K. In contrast, the data for the fresh catalyst indicate that a (thin) layer of RhO x on reduced particles may be effectively the active site environment required for both activity and selectivity. Since the NO -CO switch in this work also includes a CO oxidation step, wherein the Rh surface is covered by O and N atoms as a result of NO dissociation, the data are in agreement with the reported CO oxidation dependence on the Rh oxidation state. [43] [44] [45] The size range of the Rh particles of fresh Rh/Al 2 O 3 and the temperature at which the modulation experiment is performed make us confident that Rh particle disruption did not intervene, which was confirmed by the reversibility of the observed changes. This may not be correct for the catalyst aged at 1273 K given the susceptibility of small Rh clusters to re-dispersion. 39, 46 Finally, it is important to note that the experiments show that in the specific case of this Rh/Al 2 O 3 example ME confers surface sensitivity to X-ray absorption spectroscopy. Given the fact that the fresh catalyst is composed of well-defined Rh particles and that the average oxidation state is close to the metallic state during experiment, the periodic reduction-oxidation that is captured by PSD needs to be associated with the surface re-oxidation of the particles. 15 In the case of the catalyst aged at 1273 K, Rh is mainly re-dispersed within Al 2 O 3 and thus difficult to reduce at 573 K. PSD is able to reveal that small fraction of Rh still available for reaction on the surface of the support. This Rh cannot be captured solely by examining the time-resolved data in a conventional manner. Spectral changes associated with the red-ox pulsing above the whiteline are especially difficult to be detected by eye. PSD also greatly enhances sensitivity in the region where structural information lies that cannot be obtained by conventional difference spectroscopy. 15, 21 We are currently elaborating a protocol for the conventional EXAFS analysis of these spectra that is alternative to the one proposed recently. 21 Pd/Al 2 O 3 -Ce 1Àx Zr x O 2 : high energy X-ray diffraction A major cause for TWC aging is the deposition of chemical elements originating from oil and fuel additives, which predominantly localize at the entrance of the automotive catalytic converter. 47 Phosphorus (P) can react with both Al 2 O 3 and CeO 2 components to form stable AlPO 4 and CePO 4 , thereby severely diminishing the efficiency of the TWC. This is typically associated with the locking of the Ce 4+ /Ce 3+ red-ox pair, which is responsible for the oxygen exchange properties of the TWC. 48, 49 Precious metal nano-particles, and therefore the whole associated chemistry, are also affected by the presence of P. 50 Hence, the second case study presents data from another experiment carried out within the same sample environment, in which 1.6 wt% Pd/ACZ is subjected to short (25 s) alternate switches of diluted CO and O 2 flows at 573 K while high energy XRD data are acquired at high time resolution (0.5 s per pattern). The aging issue is faced in this case by either thermal or chemical treatment with phosphorous as the chemical poison using a procedure reported earlier. 23 The decreasing BET surface area from 119 m 2 g À1 for the fresh catalyst to 96 m 2 g À1 after thermal treatment and to 50 m 2 g À1 for the P aged one demonstrates that P induces clogging of the metal oxide supports in agreement with similar observations on Pd/Al 2 O 3 . 23 The presence of P induces a shift of the methane oxidation activity of Pd/Al 2 O 3 under stoichiometric conditions to higher temperatures that is more severe than the effect of thermal aging. 23 For the sake of brevity we discuss here the diffraction data obtained at 573 K; however, the samples underwent the same experiment at 473 K followed by a temperature ramp in 5 vol% O 2 /He. Fig. 5 displays the two dimensional representation of the modulation XRD experiments on the three catalysts. The colour maps of fresh and thermally aged Pd/ACZ clearly show that the catalysts undergo similar structural changes to previous reports. 51 This is visible from the periodic variation of the d spacing of some reflections and from the periodic appearance of other reflections (e.g. at ca. 2.8 Å -1 ). In the case of the P poisoned catalyst, it is clear that the dynamic changes are massively damped, which is attributed to the presence of P. Fig. 6a shows the time-resolved high energy XRD data obtained from the fresh Pd/ACZ. The patterns are dominated by the reflections of cubic CZ and of g-Al 2 O 3 ; precious little information is obtained on the presence of Pd phases. Upon inspection by eye, the time-resolved data exhibit a change in the d of the CZ reflections and at ca. 2.8 Å -1 that are visible in Fig. 5 . The measurable and reversible variation of the lattice parameter associated with the CZ reflections is 0.024 Å corresponding to ca. 0.49% expansion of the CeO 2 lattice upon reduction by CO followed by oxidation by O 2 , and thus a reversible reduction of Ce 4+ . Detailed kinetics of the system, i.e. of the CZ phase and the Pd phase, could in principle be extracted from the time-resolved data. 51 Application of PSD greatly simplifies the data in a complex system as this, since the contribution of alumina can be filtered out likewise the contribution of that major fraction (bulk) of CZ that is not responding to the CO-O 2 concentration modulation. Therefore, it is only the very subtle variations around the reflections that experience some changes that are highlighted, again with high resolution. Moreover, PSD provides the information that is not accessible from the time-resolved data as shown in Fig. 6 . For example, the differential signals around the CZ reflections mirror the variation of lattice parameter observed in the timeresolved data. However, the intensity change of signals at 2.78 and 3.22 Å -1 becomes clearly visible only in the PSD data (Fig. 6 ). These signals are readily associated with the formation of metallic palladium, 52, 53 thus with reduction of Pd during the CO pulse. Reliable estimation of the Pd crystallite size using the PSD data and the reflection at 2.78 Å -1 does not seem possible because of the shape of the signal. The sharp Pd(111) reflection overlaps with a broader signal indicating a crystallite size distribution that using a conventional approach leads to the overestimation of the crystallite size. 54 The two signals likely originate from the simultaneous response of Pd deposited on CZ and on alumina, respectively. We associate the broad signal with small Pd entities deposited on CZ, whereas the sharp peak is likely due to larger Pd particles on alumina, without excluding the contribution from small Pd particles present on Al 2 O 3 to the broad signal. The assignment of the sharp signals at 2.78 and 3.22 Å -1 to Pd deposited on alumina can be inferred by the observation that the kinetics of these signals is different from that of the reflections of CZ. Therefore, PSD is highly advantageous to visualize this in a simple way. The set of PSD data of Fig. 6b can be analysed in more detail and this is demonstrated in Fig. 7 . A pattern (j PSD = 1301) can be isolated from the PSD data in which further reflections associated with metallic Pd are clearly discernible at 2.78, 3.21, 4.54, 5.33 and 5.57 Å -1 (Fig. 7a) . The reflections are accompanied by other peaks at 2.36, 3.74, 4.10, 4.74 and 5.80 Å -1 that are not clearly visible in the pattern at j PSD = 1801 ( Fig. 7b ) because of the overwhelming CZ reflections, and cannot be observed in other PSD patterns. These signals have opposite sign compared to the reflections of metallic Pd. The signals are unambiguously ascribed to the formation of the PdO phase upon re-oxidation. Additionally, the same j PSD = 1301 pattern exhibits no signals of CZ clearly suggesting that the dynamic changes involving Pd deposited on alumina follow different kinetics compared to those of CZ reductionoxidation. Therefore, PSD renders the whole PdO-Pd reductionre-oxidation on the alumina component of a complex system visible and distinguishable from the chemistry occurring on CZ. Based on the above observations for the fresh catalyst, the same experiments performed on the thermally aged and chemically treated catalysts can also be interpreted. The catalyst thermally aged at 973 K exhibits a very similar behavior to that of the fresh catalyst (0.49% lattice expansion) indicating that thermal aging at this temperature does not, in a qualitative sense, affect the structural-reactive properties of the fresh system. However, this is only the conclusion that can be drawn from the simple comparison of the time-resolved data. Only the kinetics are able to really tell us whether a substantial difference exists. Fig. 8 shows that in the fresh catalyst the expansion of the CZ lattice as a result of reduction occurs in a relatively narrower time window compared to that on the catalyst aged at 973 K. Similarly, the intensity increase of the Pd reflection at 2.78 Å -1 , i.e. Pd reduction, also follows the same tendency. Therefore, Pd reduction on the fresh catalyst occurs to a lesser extent, or is retarded compared to the thermally aged catalyst. This observation is crucial for the oxygen exchange capability of the catalyst. That the window in which palladium and cerium remain reduced is larger upon thermal treatment indicates that the capability of CZ to buffer the oxygen deficiency has been reduced because of the thermal treatment. This may be supported by the lower specific surface area of the aged catalyst (Table 1 ). Furthermore, the behaviour of the Pd(111) peak is also different compared to that of Ce(111). This is especially visible in the O 2 pulse where metallic Pd persists and re-oxidation is slower than that of Ce 3+ . We associate this behaviour to the fact that, as mentioned before, the selected Pd peak is the contribution of the Pd deposited on Al 2 O 3 and on CZ. The response of Pd to the environment during the experiment is different on the two materials because of the nature of the interaction between Pd and the two metal oxides. Pd can profit from the oxygen supply offered by CZ in the presence of a reducing agent. Therefore, the slow loss of the Pd reflection in the O 2 pulse is associated with the fraction of Pd deposited on Al 2 O 3 .
In the case of the P poisoned catalyst, which was also calcined at 973 K, the time-resolved data do not present similar noticeable changes (Fig. 6e) . Also, no specific reflections of AlPO 4 and CePO 4 can be clearly observed because of the overlap with the reflections of Al 2 O 3 and CZ, and of the low concentration of these phases. 27, 48 PSD (Fig. 6f ) reveals only extremely tiny variations of both the CZ lattice parameter (0.017%) and the intensity of the Pd peaks, whereas again none of the peaks in the PSD data can be associated with the contribution of AlPO 4 and CePO 4 phases in agreement with their inert nature under these experimental conditions. Nevertheless, it is clear that a red-ox process is still at work. Though a dynamic process involving CZ is still visible from the differential but very weak CZ reflections, if the data of Fig. 6f are compared with those of Fig. 6b the reflections corresponding to Pd are changing to a larger extent compared to those of CZ. This seems to indicate that though the effect of P extends to the whole catalyst, it affects the CZ more severely, and correspondingly, the fraction of metal deposited on it. Compared to the two other catalysts, the kinetics of the selected signals in Fig. 8 clearly shows that the extent of reduction is far lower for the poisoned catalyst. Additionally, it also provides information on the fact that the fraction of Pd that is still subject to the chemistry of the CO-O 2 modulation, likely part of the Pd deposited on Al 2 O 3 , reduces much earlier as a result of the loss of the red-ox process of the Ce 4+ /Ce 3+ pair induced by P thus losing the advantage of the presence of CZ.
These findings are further supported by the synchronous mass spectrometric data (Fig. 8c) . The MS profiles corresponding to CO 2 evolution (m/z = 44) are very similar in the three catalysts and are in agreement with literature data. 55 Two peaks at the O 2 -CO (large) and CO -O 2 (small) switches are associated with the oxidation of adsorbed CO on Pd and re-oxidation of Ce 3+ , respectively. 56, 57 The CO 2 evolution extends after the maximum until the end of the CO pulse, whereas it quickly vanishes in the O 2 pulse. The continuous CO 2 evolution in the CO pulse is associated with the presence of CZ and its oxygen storage capacity. Since the CO 2 maxima at ca. 2 s are almost identical, the difference between the catalysts is evident predominantly in the time regime 10-25 s, where the P-poisoned catalyst exhibits ca. 50% less CO 2 evolution. This seems to indicate that the effect of aging is explicit under steady state conditions rather than at the switches where the catalysts behave very similarly. Therefore, aging strongly affects the oxygen exchange capacity of the catalyst that is manifested during the CO pulse. After 10 s under CO, CO 2 evolution starts decreasing; at the moment when the Pd(111) reflection likely of Pd on Al 2 O 3 becomes measurable in the high energy XRD data. Since only a very slight lattice expansion of CZ is observed, the Ce 4+ /Ce 3+ red-ox pair is locked and Pd cannot be maintained in the oxidized state for a long time, in stark contrast to the fresh and thermally aged catalysts. The similarity between the CO 2 evolution of the three catalysts seems to indicate that the aging by P affects the CZ considerably more than the Al 2 O 3 and, therefore, that either P deposits more selectively on CZ or that the P deposited on CZ more strongly affects the catalyst efficiency than that deposited on Al 2 O 3 . The latter is more likely as it hinders oxygen exchange by locking the Ce 4+ /Ce 3+ pair as evident from XRD. Comparison between XRD and MS data clearly shows that in the O 2 pulse CO 2 evolution is associated with re-oxidation of both Pd and CZ. However, the CO 2 maximum is probably attributable to removal of adsorbed CO 2 since the CO 2 peak vanishes faster than oxidation takes place.
Finally, and similarly to the case of Rh, CO 2 production is maximized at the O 2 -CO switch, when clearly Pd changes from oxidized to reduced, therefore indicating that an oxide layer is present when highest activity is obtained.
Conclusions
Concentration modulated excitation (cME) and phase sensitive detection (PSD) have been used to demonstrate the sensitivity enhancement that can be introduced in XAS and high energy XRD compared with conventional measurement approaches. Small dynamic structural changes have been followed with greatly enhanced sensitivity in two case studies where hydrothermal aging and chemical treatment of model three-way catalysts have been considered. In the case of 2 wt% Rh/Al 2 O 3 subjected to a CO-NO modulation experiment at 573 K, cME-ED-XAS reveals that a fraction of Rh after reduction at 573 K responds to the external red-ox stimulation. The state of Rh is largely reduced in the fresh catalyst and in that aged at 973 K and fluctuates between slightly re-oxidized and reduced. In the fresh catalyst, it seems plausible that the environment of the active sites includes partially oxidized Rh nano-particles. After hydrothermal aging at 1273 K, the catalyst is constantly oxidized. However, PSD is able to confirm that a small fraction of Rh is still able to perform NO reduction by CO, although the catalyst selectivity is poor. Therefore, the extent of Rh oxidation and the nature of oxidized Rh species may play a crucial role in selectivity.
In the case of 1.6 wt% Pd/Al 2 O 3 -Ce 1Àx Zr x O 2 , the cME-XRD experiment was aimed at determining the effect of thermal aging and chemical treatment (by phosphorous) on the oxygen exchange capability of the catalyst and the structural changes involved in such a process. The preliminary results indicate that thermal aging already deteriorates the oxygen exchange properties of the catalyst because the fresh catalyst was able to maintain Pd oxidized for a longer time than the aged one. In this complex catalyst for XRD, PSD showed that deeper and unique insight in the structural dynamics can be obtained. The Pd nano-particles were identified in the catalyst and it was possible to tentatively discriminate between Pd deposited on Al 2 O 3 and on ceria-zirconia. Moreover, very small lattice parameter variations were identified by PSD which point to the high sensitivity of the method.
All the discussed structural dynamic changes and the corresponding kinetics are difficult to resolve without the use of PSD. The increased sensitivity of the two traditionally bulk methods used in this work demonstrates that the combination of a pulsedtype experiment and PSD provides an exceptional means to study a range of materials which may previously have been regarded as intractable as a result of extremely subtle but nonetheless critical, structural variations. The method seems to be particularly powerful in the case of XRD that can provide a complete snapshot of the catalyst under reaction conditions with unprecedented resolution for this technique and for complex systems. Finally, we should mention that application of ME and PSD as described here is straightforward from an experimental viewpoint. As demonstrated in some studies, including this one, PSD can be performed on various data sets. Hence, various aspects of the structure of a solid catalyst, along with many other functional materials at work can be potentially characterized with improved sensitivity with respect to conventional approaches.
